The influence of different contents, 0.25, 0.50, and 1.00 wt%, of graphite nanosheets (GNS) on the properties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanocomposites obtained by solution casting method has been studied. GNS were prepared by three steps: intercalation (chemical exfoliation), expansion (thermal treatment), and the GNS obtainment (physical treatment by ultrasonic exfoliation). X-ray diffraction (XRD), Raman spectroscopy, and field emission gun-scanning electron microscopy (FE-SEM) showed that the physical, chemical, and thermal treatments preserved the graphite sheets structure. XRD and Raman results also showed that GNS were dispersed in the PHBV matrix. The degree of crystallinity (X ) of the nanocomposites did not change when the graphite nanosheets were added. However, the GNS acted as nucleation agent for crystallization; that is, in the second heating the samples containing GNS showed two melting peaks. The addition the GNS did not change the thermal stability of the PHBV.
Introduction
Problems caused by the environmental pollution generated by polymeric solid waste and petroleum derivatives have led the society to reflect on the development of new materials from renewable sources, for example, the use of natural polymers, in order to minimize the generation of polymeric residues in the environment and pollution caused by its disposal. The development of biodegradable nanocomposite polymeric material with durability and equivalent properties to those presented by thermoplastic nonrenewable sources is very interesting and may replace the nonrenewable composites in the future [1, 2] .
Polymer nanocomposites combine one or more components, in which one is a polymer matrix and the other are particles having dimensions that measure up to billionth of a meter (1 nm = 10 −9 m), in nanometric dimensions. These particles are employed in very low amount (up to 5 wt%) to improve the properties, and the resulting nanocomposites present an extending of applications in engineering, physics, chemistry, and biology [3] . Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a polyester from the polyhydroxyalkanoates (PHA) family with high degree of crystallinity (X ) (55 to 75%) and a low hydrophilic character [4, 5] (Figure 1 ). PHBV is also a copolymer of polyhydroxybutyrate (PHB) that is isotactic semicrystalline polyester and it is the most well-known polymer of the PHA family [6] . They are naturally occurring biodegradable polyesters produced by microorganism, especially bacteria, which are exposed to carbon source while all other necessary nutrients become limited [7, 8] . The presence of 3-hydroxyvalerate unit (3HV) in the PHBV allows improving the toughness and increases the processability-temperature window [9, 10] . Furthermore, with the amount increasing of the HV, the impact strength increases, while melting temperature, degree of crystallinity, and tensile strength decrease in this copolymer. The graphite nanosheets (GNS) are low-cost fillers, which are obtained through chemical and physical treatments of natural graphite. The GNS are formed by several graphite sheets of a few nanometer thick and from hundreds to thousands nanometer longs connected by van der Waals forces [11] . Furthermore, the graphite nanosheets present conductive, mechanical, and thermal properties; that is, when they are added in a polymer matrix they can improve these properties [12] [13] [14] [15] .
The number of publications of graphite-based nanocomposites has grown exponentially in recent years, although the number of research papers involving nanocomposites containing graphite and biodegradable polymers is still limited [16, 17] . The interfacial interaction between the polymer matrix and the graphite nanosheets has a key role in the mechanical, thermal, and physical integrity of the corresponding nanocomposites and their final performance.
The molecular interactions of the nanoparticles with polymers are limited to weak van der Waals forces that are universal attractive interactions between molecules generated by the transient or permanent dipoles of the molecules [13, 18] . The improvement of the ultimate properties of the nanocomposites depends on the choice of the most appropriate method for the dispersion of the nanoparticles in polymer matrix (Figure 2) [13, 19, 20] . By solution processing it is possible to obtain dispersed and organized sheets of graphite within polymer matrix, to enhance the nanocomposite performance.
This work aims to develop PHBV nanocomposites reinforced with different contents of graphite nanosheets (GNS) using a solution mixing method in order to compare and to evaluate the thermal and chemical properties, aiming application in durable products for use in the electronic industry, which requires materials with similar characteristics to those of conventional thermoplastics from petroleum derivatives, however, that are biodegradable at the end of their useful life. to prepare the expanded graphite. The solvent used for the film preparation was chloroform (CHCl 3 ), from Synth.
Experimental

Method for Obtaining Graphite Nanosheets.
The methodology of obtaining the graphite nanosheets was already described by Montagna et al. [21] . The process for preparing the graphite nanosheets is carried out in three steps: intercalation (chemical exfoliation), expansion (thermal treatment), and the graphite nanosheets obtainment (physical treatment by ultrasonic exfoliation). First the natural flake graphite was intercalary with a mixture of concentrated sulfuric acid (H 2 SO 4 ) and nitric acid (HNO 3 ) (4 : 1, v/v) for 24 h, under appropriated stirring conditions. After that it was washed with distilled water until neutralization and then dried in a furnace above 110 ∘ C for 3 h, to remove the remaining water by evaporation, resulting in the intercalated graphite. The dried particles of intercalated graphite were treated at 1000 ∘ C for 30 s, thereby obtaining expanded graphite. The graphite nanosheets were obtained by sonication in a 70% of ethanol solution bath for 9 h, after being filtered and dried in a furnace above 100 ∘ C for 3 h.
Preparation of PHBV and PHBV/GNS Nanocomposites Films.
The PHBV/GNS nanocomposite was prepared according to the methodology described by Montanheiro et al. [22] and Wang et al. [16] . Initially, graphite nanosheets and chloroform (Synth) (1 : 10 wt/v) were sonicated for 4 h in an ultrasonic bath (Unique, USC1450). PHBV was dissolved in chloroform (1.1 : 10 wt/v) at 40 ∘ C. The system remained under stirring until the entire polymer mass has been dissolved and resulted in a viscous solution. Subsequently, the solution containing the graphite nanosheets was stirred with PHBV solution for 3 h at 60 ∘ C. The final solution was cast into Petri dishes covered with aluminum foil to obtain films. Afterwards, the solvent evaporated at room temperature for 12 h.
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Analytical Characterization
Field Emission Gun-Scanning Electron Microscopy (FE-SEM).
Field emission gun-scanning electron microscopy analyses were performed with a TESCAN (model MIRA 3) operating at 5 kV, using aluminum stubs. The samples were sputtered with gold.
Raman Spectroscopy.
Raman spectra were carried out using a RamanLabRAM HD Evolution Raman spectrometer (HORIBA), with the laser wavelength of 633 nm as excitation source.
X-Ray Diffraction (XRD).
XRD technique was used to determine both the interlayer spacing between stacked graphite nanosheets and the dispersion within the PHBV matrix. Measurements were made in a Panalytical (X'pert Powder) X-ray diffractometer equipped with X' celerator detector. The nanocomposites, in the film form, and the graphite (flakes and nanosheets), in the powder form, were scanned at room temperature, in reflection mode, using incident Cu K radiation ( = 1.54Å) and operating at 45 kV and 40 mA. The data were collected over range of scattering angles (2 ) of 5-50 ∘ , time per step of 10 s and step size of 0.02 ∘ .
Differential Scanning Calorimetry (DSC).
Differential scanning calorimetry analyses were performed on a TA Instruments Q20. Small amounts (5 mg) of dried samples were placed into aluminum pans and subjected to the first heating step from −20 ∘ C to 200 ∘ C at 10 ∘ C min −1 , with a isothermal at 200 ∘ C for 5 min followed by cooling step to 30 ∘ C at 10 ∘ C min −1 , and the second heating step to 200 ∘ C at 10 ∘ C min −1 , in nitrogen atmosphere with a gas flow of 40 mL⋅min −1 . The degree of crystallinity (X ) for each sample was determined by
where Δ (J⋅g −1 ) is the melting enthalpy of the sample calculated from the endothermic peak obtained from the second heating and Δ ∘ is the theoretical melting enthalpy of the polymer assumed to be 100% crystalline; for the PHBV the value is 109 J⋅g −1 [23] .
Thermogravimetric Analysis (TGA).
The thermal stability was studied by TGA using equipment from TA Instrument (SDT Q600) at a heating rate of 20 ∘ C⋅min −1 from room temperature up to 400 ∘ C, under nitrogen atmosphere flow. Figure 3 shows the micrographs of graphite in nanometer dimensions obtained after chemical, thermal, and physical treatments. It can be observed that the weak van der Waals forces were broken by ultrasonic vibrational energy, separating the layers in order to obtain sheets with nanometric thickness. Through the micrographs, it was observed that the treatments did not damage the structure of graphene sheets but supported the separation of them. Raman spectra of nearly all carbon based material exhibit three characteristic bands, denominated as D, G, and 2D [11, 24, 25] . The D peak position, at 1354 cm −1 , as a function of excitation energy and for defects in the structure of the graphite, does not correspond to the number of graphene layers; that is, it could be on the amount of disorder present or connected with the rather small size of its particles [26] . The G band is located at about 1576 cm −1 and corresponds to the stretching vibration mode. The 2D band at about 2724 cm −1 does not require defects for activation, different from the D band. This band is also present in the spectrum of the graphite; the obviously unsymmetrical form of the band evidences the multilayer structure of the original graphite particles [27, 28] .
Results and Discussion
Raman spectra of natural graphite flakes and graphite nanosheets are shown in Figure 4 . It was possible to observe the symmetric structure of NGF and GNS. The main characteristic bands of NGF are observed at 2689 cm −1 (2D band), 1586 cm −1 (G band), and 1333 cm −1 (D band). The presence of the D band, with greater intensity, associated with the disorder of the sp 2 carbon, shows the reduction of sp 2 plane size by defects in the structure, vacancies, and distortions of the sp 2 domains and oxygenation of the graphite, that is, defects associated, which are activated by the presence of disorder in carbon systems [29] .
In case of graphite nanosheets, the spectrum presents the 2D, G, and D bands at the same wavenumber of the NGF, but with lower intensity, which can be related to the recovery of hexagonal network of carbon atoms with defects, which can be connected to particles with small sizes; that is, the graphene sheets are stacked in an orderly manner [30] .
Raman spectra of neat PHBV and PHBV nanocomposites are shown in Figure 5 , which has been utilized to evaluate the influence of different contents of GNS and the dispersion of these nanoparticles in the PHBV matrix and their mutual interaction. The spectrum of neat PHBV presents characteristic bands in the range of 2800 to 3100 cm −1 , which were assigned to C-H from methyl, methylene, and methyne groups ( Figure 5(c) ). The strong bands at 2928 cm −1 and at 2969-2999 cm −1 are assigned to CH 2 and CH 3 of PHBV, respectively. The band at 1725 cm −1 is assigned to crystalline phase while the band at 1740 cm −1 is related to the amorphous phase [31, 32] . The spectra of PHBV nanocomposites present the same characteristic bands of neat PHBV, however exhibiting a deformation in the G band that is assigned to the vibration of the C-C bond, at 1577 cm −1 , 1580 cm −1 , and 1583 cm −1 for PHBV/0.25% GNS, PHBV/0.50 wt% GNS, and PHBV/1.00 wt% GNS, respectively. Although this more pronounced intensity was observed for samples containing the lowest (0.25 wt%) and the highest (1.00 wt%) GNS contents in PHBV matrix ( Figure 5(b) ). This fact can be associated with defects in the structure of these nanocomposites, as the decrease in the intensity of the bands characteristics of GNS (Figure 4 ) corresponds to better dispersion of the nanosheets in the polymeric matrix [33, 34] .
Through the ratio between the intensities of the characteristic bands D ( D ) and G ( G ) , it was possible to analyze the structure disorder degree, which is related to the formation of more amorphous structure. Samples of NGF and GNS showed D / G values of 0.43 and 0.04, respectively. The decrease of the D / G ratio for GNS is an indication of reduced defects in graphite nanosheets. Higher D / G ratio for NGF is related to sp 3 defects and disorder of the graphite structure, consequently greater intensity of D band. Results can be confirmed in the spectrum of Figure 4 , where it is possible to observe the decrease in the intensity of D band, showing the reduction of defects in the GNS spectrum in relation to NGF, which presents a higher intensity of the D band [25] . Figure 6 shows the XRD diffractograms of the natural graphite flakes and graphite nanosheets. The NGF shows a sharp and narrow peak at 2 = 26.6 ∘ , which corresponds to the spacing of 3.5Å (Figure 6(a) ). The diffractogram of GNS shows a decrease of the maximum peak intensity, an enlargement, and a shift peak at lower angles, when compared to GNF. This behavior indicates that the chemical, thermal, and physical treatments promoted the exfoliation of the GNF but did not destroy the basic structure of graphite sheets ( Figure 6(b) ). These effects are indicated by lower crystallinity of GNS compared to NGF. The increase of defects may be caused by distortion of the orientation of graphene sheets and also by the decrease in the number of graphene sheets stacked in each crystal.
XRD measurements offer some support to evaluate the quality of the graphite nanosheets dispersion in PHBV matrix. Figure 7 shows the XRD diffractograms of neat PHBV and PHBV containing different quantities of GNS. The PHBV diffractogram presents three main peaks at 2 values of 13.6 ∘ , 17.1 ∘ , and 30.6 ∘ , which correspond to (020), (110), and (200) crystal planes, respectively [9] . The strong peak at approximately 2 = 26 ∘ corresponds to GNS's planes and to the typical d-spacing between the carbon layers in graphite, which are also present in the nanocomposites PHBV/GNS.
Neat PHBV and PHBV/GNS nanocomposites show no significant difference in the peak positions with similar diffraction peaks. This characteristic indicates that the crystal structure of PHBV remains unchanged despite the presence of GNS in the PHBV matrix. Table 1 shows the values of the distances among graphene sheets and the crystal size of GNS in the PHBV matrix. The basal spacing 002 was calculated using Bragg's law. The increase of the basal spacing 002 , indicated by the shift of the diffraction peak at lower 2 angles, is relative to the intercalation of polymer chains into graphite nanosheets, while its disappearance is attributed to the presence of an exfoliated structure. It was observed that the distance between the layers of graphene, 0.33 nm, was the same in all nanocomposites. The crystal size (nm) calculated for the reflection peak using Scherrer's equation was 25.6 nm, 35.5 nm, and 35.5 nm in PHBV/0.25% GNS, PHBV/0.50 wt% GNS, and PHBV/1.00 wt% GNS, respectively. These results indicate that the crystallization of PHBV chains is promoted due to the presence of graphite nanosheets. Thermal analyses were performed on neat PHBV and on the nanocomposites to determine changes in the crystalline phase of the PHBV matrix, particularly in the degree of crystallinity (X ) and in the melting temperature ( ). The melting enthalpy (Δ ) obtained from the endothermic peak area is directly proportional to the crystallinity of the material. Table 2 shows the values of the degree of crystallinity of neat PHBV and PHBV/GNS nanocomposites determined in the second heating scan. It was verified that there were no significant changes in X values with the addition of GNS. Thus, PHBV/GNS nanocomposites present close X values to that determined for neat PHBV. In other words, all the PHBV/GNS nanocomposites are characterized by the same degree of crystallinity, which indicates that the PHBV structure is not impacted by incorporation of graphite nanosheets. This same effect was observed by Crétois et al. [35] that added organoclays into PHBV matrix. Figure 8 shows the DSC curves for neat PHBV and PHBV/GNS nanocomposites with different contents of GNS (0.25 wt%, 0.50 wt%, and 1.00 wt%). Neat PHBV and the nanocomposites exhibit two characteristic endothermic peaks of melting phenomena. The first peak around 152 ∘ C ± 1 ∘ C has a weak intensity, while the second peak is obtained at a higher temperature (170 ∘ C ± 1 ∘ C) and with a higher intensity. On the other hand, a bimodal endothermic melting peak in the first heating scan was observed in all the samples. According to Sridhar et al. [17] , this behavior corresponds to the formation of two crystalline phases with different sizes of lamellas of variable thickness, based on hetero and homogeneous nucleation of PHBV.
International Journal of Polymer Science After melting, the samples were cooled to −20 ∘ C at a rate of 10 ∘ C⋅min −1 , and the resulting curves are shown in Figure 8 . The sample of neat PHBV showed a small crystallization peak at 58 ∘ C during the cooling. However, the PHBV nanocomposites with different contents of GNS showed a large peak of crystallization around 108 ∘ C ± 1 ∘ C (Figure 8 ). This fact can be attributed to parts of PHBV that crystallized at the cooling process in the presence of the GNS. This behavior may be related to the presence of GNS that helped in PHBV crystallization in the cooling process, which acted as nucleus for the remaining PHBV to crystallize on the second heating process.
The sample of neat PHBV presented an endothermic melting peak at 168 ∘ C, melting temperature slightly lower than that recorded in the first heating. However, the PHBV/GNS nanocomposites showed a double melting peak at two higher nearby temperatures in the second heating, showing a melting-recrystallization-melting process. This can be explained on the basis of hetero and homogeneous nucleation of PHBV, reported in the first melting. This two melting peaks presented at the second heating for the nanocomposites of PHBV/GNS correspond to the heterogeneous nucleation of PHBV with the presence of GNS that occurs due to the chain aggregation and the highest temperature peak is related to the nucleation. This fact indicates that the addition of graphite nanosheets influences both types of nucleation.
TGA analyses were carried out to investigate the effect of the addition of GNS on the thermal stability of PHBV. Figure 9 shows the TGA and DTG curves and Table 3 presents the initial and maximum decomposition temperatures for neat PHBV and PHBV nanocomposites. From the thermogravimetric curves it can be seen that all the PHBV nanocomposites behave similarly to neat PHBV and that the thermal degradation consists of only one weight loss step between 230 ∘ C and 310 ∘ C (Figure 9 ). This fact indicates no change in the degradation mechanism of PHBV with the incorporation of GNS. However, the addition of GNS to PHBV matrix increases the initial decomposition temperature in approximately 9 ∘ C and 1 ∘ C for PHBV/0.25 wt% and PHBV/1.00 wt%, respectively. The increase in the thermal stability observed for these nanocomposites may be related to the nanodispersion of the GNS in the PHBV matrix. Although no increase was observed for the sample containing 0.50 wt% GNS, a decrease of 14 ∘ C and 2 ∘ C in the initial and maximum decomposition temperatures can be observed, respectively (Table 3 ). According to SanchezGarcia et al. [36] , a reduction in the thermal degradation temperature was observed with the addition of low amounts of nanoparticles in a PHBV matrix. This behavior was justified by the filler agglomeration, though this behavior was not observed with the addition of lower content (0.25 wt%) of GNS in PHBV matrix. However, in the present study, the sample containing 0.50 wt% of GNS showed a reduction in the thermal stability. This behavior suggests that this sample may have suffered more with the GNS agglomeration in the PHBV matrix, reducing consequently the initial and maximum decomposition temperatures. It is known that the agglomeration of nanosheets in polymer matrix does not contribute with the improvements of nanocomposite properties, such as increased thermal stability. According to Wang et al. [16] , the addition of GNS into the PHBV matrix at low filling content can improve the thermal properties of polymeric matrix. The enhancement of thermal stability is attributed to the high efficiency of GNS for capture free radicals generated by polymer chain scission during the degradation process at high temperatures and due to the homogeneous distribution of GNS in the PHBV matrix.
Conclusions
PHBV/GNS nanocomposites with different levels of GNS (0.25 wt%, 0.50 wt%, and 1.00 wt%) were successfully obtained by casting method. Through the diffractograms and the micrographs of the GNS, it was observed that the chemical and physical treatments did not damage the structure of graphite nanosheets. Furthermore, it was possible to observe the decrease in crystal size of GNS in relation to NGF by means of enlargement and shift of the peak at lower angles. XRD and Raman analyses revealed good dispersion of the graphite nanosheets in the PHBV matrix. It was also observed that the crystalline form of PHBV matrix was not affected by addition of GNS, and the nanosheets did not influence the thermal stability of PHBV. The present study provides evidences that the casting method can be successfully applied to develop PHBV/GNS nanocomposites with good dispersion and distribution of the nanosheets into de PHBV matrix.
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